Resonant Auger transitions into 1 G 4 ·nl states following Kr 2p 3/2 electron excitation have been measured using monochromatized undulator radiation and a hemispherical electron energy analyzer. A clear identification of electron peaks was made for the 1 G 4 ·5s, 1 G 4 ·4d, 1 G 4 ·5d and so forth when the photon energy approached to the ionization threshold. The formation of the 1 G 4 ·4d state was found over a relatively wide energy range across the threshold, because of the short lifetime of the 2p hole and of shake effects in electron emission processes. The angular dependence of these decays showed little effect on the polarization direction of the incident photon, which suggests that little anisotropy is related to that of the normal Auger transition into the 1 G 4 state.
Introduction
Excitation or ionization of an inner-shell electron produces a vacancy state, which rapidly relaxes by a radiative or radiationless process [1] [2] [3] [4] [5] [6] . The process has long been studied from standpoints of fundamental interest and application for determining electronic structures of some materials. Recent advancement of synchrotron radiation technique has enabled us to record X-ray absorption near-edge structures (XANES) with ease, and these spectra generally focus on the inner-shell excited states.
Vacancy-decay spectra, on the other hand, are very sensitive to dynamical processes in the highly excited states, as shown by theoretical formalisms which regard X-ray absorption and vacancy decay as a one-step resonant Raman scattering [1] [2] [3] [4] . This scattering is largely affected by a short lifetime of an intermediate excited state and supposed to play a crucial role on shake effects and photoelectron recapture, being related to core relaxation and interference among intermediate amplitudes.
Resonant Auger transitions connected with shallow cores of rare gas atoms have been studied by several research groups [1, 3, [5] [6] [7] [8] [9] . In many cases the excited electron behaves as a spectator, but occasionally the electron is excited into higher orbitals with the same azimuthal quantum number, called shake-up transition. These final states are also produced by the photoelectron recapture (one of post-collision interaction effects, PCI effects) near the ionization threshold [10] [11] [12] [13] . Such phenomena have been identified in the decay from Ar 1s -1 np and Xe 2p -1 nd states [2, 4] . Similar effects are presumed to occur in the instance of Kr 2p -1 nl states at about 1.7 keV above the ground state, but it had been difficult to pursue to excite these electrons using monochromatic soft X-rays owing to no available light source with sufficient intensity in this energy region. However, the effort by Japanese scientists has realized the utilization of a brilliant undulator radiation combined with a grating monochromator employing ultra-grazing incidence optical elements covering photon energies above 1.5 keV [14] [15] [16] .
Photoabsorption spectrum of Kr 2p electrons was observed by some researchers and the excited states with higher principal quantum numbers were reported [17] [18] [19] . Normal Auger electron spectra using charged-particle techniques were observed and analyzed, which showed that the 1 G 4 final state yields the strongest peak in the electron kinetic-energy region near 1460 eV [20] [21] [22] . The resonant Auger transitions were found from the 2p -1 nl states by the present authors, who used monochromatized undulator radiation combined with the grating monochromator having high resolving power [23, 24] .
The final states of 1 G 4 ·5s and 1 G 4 ·4d were identified at several photon energies around the 2p 3/2 threshold.
In the present study, electron emission spectra of Kr have been measured in the photon energy region of 1670 eV through 1695 eV using a high-resolution electron spectrometer, SES-2002. The final states with the principal quantum numbers of 5 through 7 were discovered through a peak-fitting analysis. The electron spectra observed in the direction perpendicular to the photon polarization efficiently served to obtain a better fitting because of no severe overlapping of the photoelectron peaks from the outer 3p 1/2 and 3p 3/2 orbitals.
Experimental
The experiments were performed on the c branch of the soft X-ray photochemistry beamline BL27SU at the SPring-8 facility [14] [15] [16] . The beamline provides linearly polarized monochromatic light ranging from 0.2 keV to 2.5 keV, and the degree of polarization is higher than 0.98 at the tuning of the first-order radiation with the horizontal polarization [25] . At the tuning of the 0.5th-order radiation, we can utilize the linear polarization in the vertical direction [15] . The energy calibration of the monochromator was performed using the Kr 2p 3/2 →5s and Ne 1s→3p transitions [17, 18, 24, 26] .
The intensity of the monochromatized incident photon beam during the measurement was monitored by collecting the drain current of the post-focusing mirror on the beamline. Sample gas of Kr (stated purity >99.995%) was purchased from Taiyo Toyo Sanso Co., Ltd. and supplied into the main chamber under about 1×10 -3 Pa during the measurements of ion yield curves. The ion yields were measured using a time-of-flight mass analyzer attached to the main chamber [16, 23, 24] . An electric field of 50 V/mm was applied across the ionization region and produced Kr ions were detected with a microsphere plate (MSP; El-Mul Technologies, C0180DTA). These ions were observed in the mode of total ion yield measurement with a photon bandwidth of 0.4 eV.
An electron spectrometer is positioned 3.2 m downstream from the mass analyzer and the spectrometer consists of a hemispherical electron energy analyzer (Gammadata Scienta, SES-2002) fitted to a gas cell (GC-50) by way of a multi-element lens in a differentially pumped chamber [24, 25, 27] . The gas density observed was 6×10 -3 Pa just outside the gas cell during the measurements.
The emitted electrons were measured at the horizontal direction and the angular distributions of electrons were obtained by tuning the gap distance of the Figure-8 undulator for selecting the first-or 0.5th-order light. The pass energy of the spectrometer was fixed at 500 eV for maximizing electron signals owing to low signal rates for high-energy electrons. The spectrometer parameters were set such that the resolution of the electron spectra was about 0.73 eV for Auger electrons and 3p photoelectrons.
The photon bandwidth employed was 0.45 eV. The photon flux monitor was calibrated against the discrimination effect on the polarization using the observed normal Auger spectra from the L 2 hole state that are isotropic [22] . The electron energy was calibrated using the peak energy for the 1 G 4 state produced through the Auger decay from the L 3 hole state [21] . The photon energy was confirmed to be correct by measuring the 3p photoelectrons (ionization thresholds: 214.4 and 222.2 eV [28] ) and the resonant Auger electron of the 1 G 4 ·4d state.
Results and discussion

Ion yield spectrum
The total ion yield spectrum of Kr is shown in the photon energy region of 1670-1685 eV in figure 1. The bar with hatching denotes the ionization threshold of the 2p 3/2 electron at 1678.4 eV [28] .
It is found that the spectrum shows a small maximum at 1673.8 eV, a shoulder at 1676.1 eV and the highest yield at about 1679 eV. The first structure (1673.8 eV) is assigned to the transition to the
5s state, which is in agreement with previous studies [17, 18, 23] . The second structure stems from the excitation into the 4d orbital, as seen in the previous data [24] . Many years ago, a series of resonance lines was observed by means of a photographic plate technique [17] , but the present spectrum does not exhibit clear structures above 1676.5 eV. The present findings for unresolved structure of high Rydberg excitation are supposed to originate from broadening due to the short lifetime of the 2p 3/2 hole. Figure 2 shows electron kinetic energy spectra of Kr at several photon energies across the 2p 3/2 ionization threshold. The spectra measured in the direction parallel to the photon polarization are illustrated on a lifted baseline and those in the perpendicular direction are plotted on a normal baseline.
Electron kinetic energy spectrum
The photon energy where the spectrum was measured is added at the right end of each panel in figure   2 .
The spectrum in the parallel direction at the lowest photon energy shows only the photoelectron peaks from the outer 3p 1/2 and 3p 3/2 orbitals. The intensity ratio for these peaks is close to 1:2, the ratio of multiplicity. That of the perpendicular direction shows unclear structures with low intensities. This finding comes from the fact that these photoelectrons have positive anisotropy parameters far away from the ionization thresholds. The theoretical work predicts that the parameters are about 1.5 in this photon energy region [29, 30] . The present estimation proposes that those are about 1.7 although experimental uncertainties are relatively large.
When the photon energy comes up slightly above the excitation energy into the 2p 3/2 -1 5s state (1674.2 eV), small structures around 1466 eV show up in the spectra in the both directions. These structures are mainly ascribed to the transitions into the final states of 1 G 4 ·5s and 1 G 4 ·4d resonant Auger transitions [24] . The transition strengths in the two directions for each of these final states are close to each other. At the photon energy of 1676.6 eV, the photoelectron peak of the 3p 3/2 orbital is positioned around 1462 eV and the resonant Auger electron peak of the 1 G 4 ·4d exists near 1468 eV.
Small structures around 1473 eV originate from the transitions into the 3 The peak at 1462.5 eV in the perpendicular spectrum probably stems from the transitions into a 1 G 4 ·nd state, where n is 5 or 6. The corresponding peak in the parallel direction overlaps with the 3p 3/2 photoelectron peak.
When the photon energy increases further, both spectra in the two directions become complicated due to the emergence of the resonant Auger decays into higher Rydberg orbitals and of the normal Auger decays (diagram lines) and due to the overlapping of these decays with the 3p 3/2 photoelectron peak. Above the ionization threshold the diagram decays indicate higher intensities with some tailing into a higher energy side and the 3p 1/2 photoelectron peak overlaps with the diagram peaks, in particular at the photon energy of 1680.4 eV in figure 2.
Peak-fitting procedure
In order to disentangle the complex peak structures shown in figure 2 , we have employed a peak-fitting technique. Voigt functions were used for the photoelectrons and resonant Auger electrons.
The width of the experimental instruments was estimated to be 0.85 eV. The lifetime widths reported so far vary for the 3p 1/2 and 3p 3/2 photoelectrons [17, 31, 32] and in the present study they were evaluated by a peak-fitting analysis for the spectrum acquired at the photon energy of 1670. 
In this equation, H denotes relative peak intensity and ξ indicates a parameter expressing the magnitude of distortion, which was used here as an adjustable parameter. The term ε is represented using the lifetime of the 2p 3/2 hole, Γ, and the energy difference as follows:
where E 0 and E are the peak energy and electron kinetic energy, respectively. This finding suggests that the functions used here and the estimation of peak positions are reasonable.
At the photon energy of 1676.6 eV, the peak at 1467.6 eV is assigned to the 1 G 4 ·4d and the structures at the higher energies are mainly ascribed to the 
Assignment of the resonant Auger peaks
Based on the peak-fitting results, we have assigned the peaks identified in the spectra of the electron kinetic energy as those given in figure 5 ). From this consideration, it is most probable that this state is a mixed state among those states here mentioned and/or other states through correlation interaction.
In order to confirm the assignments proposed here, we have calculated effective quantum numbers (n * ) for the final states by means of the following equation:
In this equation, T denotes the term value, Z indicates the charge of the ion core and Ry is the Rydberg energy. The parameter δ l is called the quantum defect. Table 2 The dependence of resonant Auger yields on the direction to the photon polarization has been checked for the peak-fitting results. The angular distribution seems to be close to isotropic, although uncertainties are relatively large. This finding is related to the angular distribution of the diagram transition into the 1 G 4 state. The observation of the 1 G 4 decay in the present study has shown that the angular distribution is close to isotropic; the absolute value of the anisotropy parameter is lower than 0.1. A previous calculation predicts that the parameter is -0.045 [22] .
Summary
The electron emission spectra related to the Kr 2p 3/2 excitation have been measured using 
